In this study, we report the electrical conduction of carbonyl iron powder compacts when a constant voltage/current source is supplied, especially under a typical voltage 9.7 V of electric current activated sintering (ECAS). The potential driving forces for resistance drop during stressing, including bulk temperature-dependent and -independent, were discussed. By using a proposed competition mechanism and percolation theory, it can successfully describe electrical behavior in metal powder compacts. The results indicate bulk temperature rise resulting from Joule heating is the main cause for the formation and growth of metallic contact at particle interfaces during ECAS.
Introduction
The electrical transport in metallic granular media has many applications in industry, e.g. in powder sintering process. Electric current activated sintering (ECAS) of metal materials is based on the flow of electric current through the compact, but the sintering behavior remains unclear. 13) Generally, a measurement of sintering temperature is a useful way to help discriminate the main mechanism for sintering, and allow for proper comparison with other sintering techniques. 4) However, it remains a great challenge to determine the true temperature in the particles and at the particle contacts during ECAS. In practice, a thermocouple is placed in the sintering die at a certain distance from the inner die wall to record the temperature. Because of the selfheating characteristics of ECAS of metal materials, the recorded temperature is always lower than that inside the die. The discrepancy depends on the properties and geometric parameters of the die, plunger and compact. Therefore, the considerations of the sintering kinetics for ECAS, which are based on the measured temperature, may be questionable. 5) For a better understanding of the ECAS process, the electrical conduction in compacts during ECAS must be considered. Although electrical transport in metallic granular medium has been extensively studied in the literature, 615) knowledge of the nature of electrical conduction in threedimensional metallic granular medium is still incomplete.
Recently, an electrical network model, which concerns the creation of the conduction paths in a compact subjected to different premolding loads, was put forward to estimate the uniformity of electric current in a carbonyl iron powder compact in the initial stage of ECAS. 16) On the basis of the model and Kohlrausch's equation 11) 
, where V c is the potential drop across the contact, T b is the bulk temperature of powder, L = 2.45 © 10 ¹8 V 2 /K 2 is the Lorentz constant.), it was found that an increased temperature of less than 20 K across the particle contacts during ECAS, which is different from the general acceptance 3) that local high temperature is created at contact. Neck formation and growth at particle contacts are thought to be due to heat bonding and electromigration, of which effects are enhanced by increasing the bulk temperature of the compact.
In Ref. 16) , however, the current and voltage are not fixed by the resistance of the compact alone. It leads to a limitation in further studying the electrical conduction process. 16) In the present study, detailed electrical behavior of a carbonyl iron powder compact, especially under a typical voltage 9.7 V of ECAS, 16) was investigated by using a constant current/ voltage source. It provides a further insight into the electrical conduction in metallic granular medium, and therefore the ECAS process.
Experimental Procedure
Commercial carbonyl iron powders were used as starting powders. The characteristics of the powders are listed in Table 1 . Figure 1 is a scanning electron micrograph (SEM) of the powders. It can be seen that the particles are regular spherical shape. Some of the particles are firmly held together to form aggregates, and well-developed bonding necks were seen.
In every experiment, 20 g powders were filled into a Si 3 N 4 die with 21 mm inner diameter. A load was firstly applied to the powders in the range of 550 N to 1000 N, and then kept constant at 550 N until the end of the experimental period. All electrical parameters were measured with two digital multimeters. The initial resistance of compact R c (0) ranges from 5 ³ to 30 ³.
After compaction, a constant voltage/current supply was applied to the compact. The maximum voltage and current, of which the power source can provide, are ³30 V and ³11 A, respectively. Figure 2 shows the scheme of the experimental apparatus. It should be pointed out that the total contact resistance of the system is less than 0.1 ³ in the load range, and is negligible with respect to the resistance of the compact. Two kinds of experiments were performed: (1) Classical current-voltage (I-V) characteristics were measured. Short pulse of current is used to avoid too much heat production in the compact. Every time an experimental cycle was complete, a small current of 0.1 A was applied to the compact to determine the change of resistance before and after the cycle. (2) A constant voltage of 9.7 V was applied to the compact, and the current was measured simultaneously. The resistance R c (t) of compact with time was calculated by dividing the voltage drop across the sample by the current through it. As a drawback of ECAS, in our experimental system, the temperature of the particles inside the die is mostly different from the temperature recorded at a certain distance from the inner die wall. An extreme example is that melting occurs in the sample when the measured temperature is shown to be ³30°C. 17) Thus, a temperature measurement is not meaningful in the current work and was not present. The densities of the samples were determined from the position of the upper electrode, but no differences were found in the density measurement before and after experiments. Figure 3 shows the classical I-V characteristics in logarithmic scale of the carbonyl iron powder compacts with different initial resistance. At first glance, the system is ohmic. But further examination reveals that the process is nonlinear and irreversible. As seen in Table 2 , a permanent decrease in the resistance of compact is observed after the I-V characteristics measurement.
Results and Discussion

Classical current-voltage characteristics
To understand the irreversible process, first of all let us recall the electrical properties of contact metal powder particles. The surfaces of metal powders are usually covered with an insulating oxide layer. Under a small uniaxial compressive stress, part of the particles in a compact can form metallic contact for electrical flow. 7) Metallic contacts can be established as a result of the crack of the insulating layer with a contact force. They may also exist in the aggregates present in the starting powders. When a electrical current is injected, it will preferentially flow through the good contacts and create conduction paths. In most cases, the electrical resistance of two contact particles is governed by the resistance of the interface, and follows a well known relation. 
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where µ powder is the resistivity of the powder material. R m is the radius of metallic contact. Thus, under current stressing, either break-up of the oxide layer or mass transport may result in a decrease in contact resistance with the formation and growth of the metallic contact area, and then a decrease in the resistance of the compact. Mass transport at contacts may eventually lead to neck formation. Four potential effects have been reported to contribute to the formation and growth of the metal-to-metal contact spots under current stressing, including heat bonding (related to the bulk temperature rise in particles), capillarity force, electromigration, and melting (related to the local temperature rise in contacts), respectively. 19, 20) According to our previous study, 16) heat bonding and electromigration are considered to be the most likely mechanisms during ECAS, while melting and capillarity force seems difficult to occur under ECAS conditions.
In addition, the experimental process is characterized by simultaneous application of external load and electric current. The external load produces an average contact force on each particle contact and then affects the formation and growth of the spots. Assuming that the particles are spherical, of the same size, the average contact forces can be roughly calculated as:
where r is the powder particle radius and R is the internal radius of the female die. In our previous cases, 16) the average contact stress value is found to be ³2 GPa. Using the rule that yield strength is one third of the hardness, the yield strength of carbonyl iron powders can be estimated as ³3 GPa at room temperature.
16) The high hardness of carbonyl iron powder is caused by the fine grain size and high internal stresses. 22) Jaumot et al. 23) reported that the strain recovery is almost complete at about 350°C, while crystallite size increases from nanoscale to microscale at 450°C. Thus, with an elevated temperature, the hardness of the carbonyl iron powder may markedly decrease. Consequently, local yielding is expected at the particle contacts associated with particle sliding. Deformation and/or sliding breaks up the oxide layer and creates new metallic contacts between the particles. 13) As a conclusion, contact force, as well as heat bonding and electromigration, is believed to be the important driving force for the resistance drop under ECAS condition. Moreover, the effects of all these potential mechanisms on resistance drop are strongly dependent on the bulk temperature of the compact.
In the I-V characteristic measurements, however, short impulse of current is used. Heat accumulation is then avoided in the system, and the bulk temperature of the compact can be taken as room temperature. In this case, the bulk temperature enhanced mechanisms seem not to be responsible for the resistance drops occurred in the I-V characteristic measurement.
Falcon et al. 11, 12) show that after compaction, a very broad distribution of contact resistance is expected in a conduction chain. At the beginning of current stressing, most of the potential drop may take place at the contacts along the conduction chain with the largest resistances. This implies that the potential drop across these contacts can be much greater than the average potential drop per contact (³0.005 V in the present cases). According to the Kohlrausch's equation, the maximum temperature in a contact is merely related to the potential drop across it, and is independent of the contact geometry and the contact materials. Once the potential drop across the contacts excess the critical voltage of ³0.2 V for iron, 16 ) the temperature at the contacts increases dramatically, even to the melting point, and then microsoldering occurs, 11) immediately leading to a permanent resistance drop at the contacts.
Constant voltage stress
Typical current and resistance versus time curves under constant voltage stress are shown in Fig. 4 . The current increases smoothly and continuously being associated with a decrease in the resistance of the compact. At the end of the process, a sudden current growth (resistance drop) is observed. As the initial resistance increases, it takes a longer time for the current to reach the maximum current set (³10 A). Figure 5 is the typical SEM image of the powder particles in the samples. It shows no significant neck formation and growth during experiments.
When one closely examines the time evolution of the rate of current increase, Fig. 6(a) , and the relation between current and the rate of current increase, Fig. 6(b) , four stages are distinguished. In stage I, it shows a high initial rate of current increase but it decreases dramatically. Then the rate of current increase is found to decrease slowly towards a minimum in stage II. After that it begins to increase again in stage III. Finally a sudden current increase is found in stage IV. For the samples with lower initial resistance, the duration of stage II is short, or even stage II will disappear.
Stage I
At the very beginning of stressing, bulk temperature is so low that bulk temperature enhanced driving forces are minor important. Thus, it needs a driving force, which is bulk temperature-independent to describe the high initial current growth rate. The analysis of I-V characteristics shows that when there is a wide distribution of contact resistances between the particles, microsoldering will occur at some of particles contacts as a pulsed current is applied, and leads to a resistance drop at the contacts. It is reasonable that such a microsoldering behavior also occurs under a constant voltage stressing, and produce a fast current growth rate at the beginning. It will soon become less and less pronounced as the resistance of the compact decreases, because the distribution of contact resistances becomes narrow. This is consistent with the observation of a dramatic decrease in the rate of current increase as seen in Fig. 6 . It should be noted that in reference, 16) we claimed that there is a very little temperature gradient between particle contact surface and core during ECAS. Although microsoldering is considered to take place when an extraordinarily high temperature is generated at the particle contacts, our conclusion is not altered yet, because microsoldering only occurs in a small amount of particle contacts at the very beginning of the stressing.
Stage II and Stage III
Analytical fits reveal that all curves can be accurately simulated with two second-order exponential decay functions, one for stage II, and the other for stage III, as shown in Fig. 7 .
where I(t) is the current after a stress time of t, A 1 , A 2 , A 3 , b 1 and b 2 are constants. However, unlike first order exponential function, eq. (3) is empirical, which does not directly characterize a specific physical process. 24, 25) Figure 6(b) shows a U-shaped relation between the rate of current increase and injected current from stage II to stage III. According to the system dynamic theory, 26) a Ushaped rate-level curve is raised by a positive and negative feedback structure fight for dominance, and can be done by introduction of a competition model. Thus, the physical process in stage II and stage III can be interpreted as follows.
Under constant voltage stressing, current passes through the conduction paths, along which the particles will be heated by the Joule heat. In the meanwhile, heat transfer is assumed to take place by conduction from the conductive particles to the surrounding particles. 27) Temperature rise in the conduction paths is produced when the increase in Joule heating becomes larger than the heat flowing away by thermal conduction. The temperature rise in the conduction paths promotes the effects of heat bonding, electromigration or contact force. As a result, number and size of metallic contact spots increase which lead to a decrease in the contact resistance at the interface between two conductive particles, and thus a reduction in the average resistance of the conduction path.
Different from that in the conduction paths, the temperature rise in the surrounding particles is solely due to heat conduction. Apart from those good electrical contacts, there are lots of weak and bad electrical contacts within the compact. As the weak and bad electrical contacts near the conduction paths are heated by thermal conduction, they may transform into good contacts, and finally trigger new conduction paths. Whether a decrease in the average resistance of a conduction path or an increase in the number of conduction paths in a compact will result in a decrease in the resistance of the compact.
Under a constant voltage stress, power dissipation is inversely proportional to the resistance of sample. As the resistance of the compact decreases, the dissipated power in the compact increases. Subsequently the temperature in the compact will increase, which leads to a further decrease in the bulk resistance. Such a process can be described as a consecutive repetition of conduction path heating, temperature increase and bulk resistance drop. If the system works in this way, the resistance of compact would decrease without bound. In fact, however, temperature rise not only improves the formation and growth of metallic contact, but also increases the electrical resistivity of the powder as a function 28) of µ ¼ µ 0 ½1 þ CðT À T 0 Þ, where µ 0 is the resistivity at room temperature T 0 and C is the temperature factor. In contrary to the former effect, the latter causes the resistance of the compact to increase.
Considering the inverse relationship between current and resistance, the current growth process can thus be understood as the result of a struggle between two competing processes induced by temperature rise: current growth (the decrease of conductive path resistance and the creation of conduction path) and current reduction (the reduction of powder conductivity).
Stage IV
An attempt to use eq. (3) shows an excellent fit for the data of stage III, but results in relatively large errors if the data of stage IV is included. The poor fit indicates that a single competition model is insufficient to specify the current growth mechanism in stage IV. Figure 8 shows a close look at the electrical resistance of the compact against time curves near the transition region in stage IV. The resistance R cri of compact at the transition from stage III to stage IV increases with increasing the initial resistance of the compact and is found to be in the range of 1 to 2.5 ³ ( Table 3) . The results obtained are highly reproducible and independent of experimental error. As known, at a constant voltage stress, there exists a transition in the rate of power dissipation increase, before which the power dissipation increases slowly and after which it will increase very quickly. Coincidentally, the value of 1 ³, which is considered as the critical value for the power dissipation transition, is close to the value of R cri . We may therefore wonder whether the sudden reduction of resistance results from a sharp increase in power dissipation.
To verify our suspicion, we performed additional experiments. A constant voltage of 9.7 V is firstly applied to the compact. The current goes up until it reaches the set value. Then, the supply is automatically switched to constant current mode with the current set. The experimental conditions are summarized in Table 4 . For constant current stress, the power dissipation decreases linearly with a decrease of the sample resistance. If the sharp increase in power dissipation is the physical basis for the abrupt change in resistance, it may be hypothesized that after switching from a constant voltage to constant current mode at the resistance R c of the compact larger than R cri , R c will keep decreasing toward a saturation value through a negative feedback loop without any sudden drop. Nevertheless, as seen in Fig. 9 , a small but quick drop in resistance is still observed. This observation supports the view that the occurrence of sudden drop does not depend on the rate of power dissipation increase (decrease). A plot of the rate of resistance decrease versus time shows more details concerning the resistance evolution. Figure 10 is the curve of the sample with an initial resistance of 15.3 ³ and a constant current set of 4.5 A. After switching to the constant current mode, the rate of resistance decrease slows down with time as expected because of the decrease in power dissipation. At a certain time, it exhibits a sudden increase, which responses to the abrupt resistance drop in Fig. 9 . The increase lasts only a very short time. After that, the rate returns immediately to near the original value before the transition, and then decreases slowly. From Fig. 9 , we also note an important fact that no drop is detected when R c at power mode transition becomes significantly higher than R cri . One must remember that either R c or the initial (or maximum) input power at power mode transition is determined by the constant current set. The lower the constant current set, the higher the resistance of compact and the lower the initial (or maximum) input power at power mode transition. From these facts, we may suggest that the disappearance of sudden drop should be due to an insufficient input power as a result of a relatively low constant current set. The sudden resistance drop is then thought to be correlated to the amount of power dissipation.
A further analysis is attempted by curve fitting of the data in Fig. 8 . The resistance near the transition appears to obey a power law of the type 29) R c ðtÞ ¼ Ajt À t c j p ð4Þ where t c presents a critical time for the transition, A and p are fitting constants. Table 5 presents a summary of the fitting parameters t c , A and p. It is a typical percolation-like behavior. Following the experimental results and percolation theory, the sudden change in resistance can be well interpreted as a consequence of a thermal breakdown, which is triggered at a critical temperature rise in the compact. Because of worse current uniformity 16) (means more favorable current concentration and poor heat transfer performance), the temperature rise to breakdown can be reached at a lower maximum power input in the compact with higher initial resistance. Thus, increasing R cri is associated with increasing the initial resistance of the compact as seen in Table 4 .
It should be pointed out that the influence of the sudden increase (drop) on the current (resistance) evolution is rather small. Current growth (resistance drop) results mainly from the feedback of the increasing dissipated power in the compact. After thermal breakdown, the power dissipationtemperature-current (resistance) feedback dominates again. Current (resistance) will increases (decreases) via negative feedback in constant-current mode, or positive feedback in constant voltage stress.
Conclusions
Electrical conduction of a carbonyl iron compact was examined, especially under a typical voltage 9.7 V of ECAS, with a constant voltage/current source. The result shows that the permanent resistance drop in I-V characteristics measurement is mainly attributed to mircosoldering at particle contacts, which is caused by a bulk temperature-independent driving force. Bulk temperature-dependent driving forces is dominant during constant voltage stressing, except at the very beginning stage. Current growth is mainly controlled by a power dissipation-temperature-current (resistance) feedback loop based on a competition mechanism. At the end of the stressing process, a sudden drop in resistance associated with a dramatic current increase is observed following a power law. This observation can be explained as a thermal breakdown, which occurs when the temperature rise in the compact reaches a percolation threshold. The results confirm the dominant role of bulk temperature in the formation and growth of metallic contacts at particle interface during ECAS. 
